A limited number of strains belonging to several genera of Rhizobiaceae are capable of expressing a hydrogenase system that allows partial or full recycling of hydrogen evolved by nitrogenase, thus increasing the energy efficiency of the nitrogen fixation process. This review is focused on the genetics and biotechnology of the hydrogenase system from Rhizobium leguminosarum bv. viciae, a frequent inhabitant of European soils capable of establishing symbiotic association with peas, lentils, vetches and other legumes.
Introduction
One of the most relevant biogenic hydrogen sources is the nitrogen fixation process. For the Rhizobium-legume symbiosis, over 1 million tonnes of hydrogen/year was evolved from root nodules into the air [1] . The hydrogen-uptake system of Rhizobium leguminosarum bv. viciae UPM791 has been analysed in detail by our research group [2] . Data from sequence analysis, subcellular localization and Ni requirement analyses indicate that this system is based on a membrane-bound, heterodimeric [NiFe] hydrogenase [3] [4] [5] similar to those described in Bradyrhizobium japonicum and other aerobic bacteria. In these bacteria, electron flow from hydrogen to oxygen results in the generation of ATP, although for R. leguminosarum the degree of coupling is variable according to the strain [2] .
R. leguminosarum hydrogenase contains two subunits: a large subunit (HupL) of approx. 60 kDa carrying the heterometallic FeNi active centre and a small subunit (HupS) of approx. 30 kDa harbouring three FeS clusters. As in other bacteria, the synthesis of this enzyme is a complex process that occurs in the cytoplasm through the concerted action of over 15 proteins (hup and hyp gene products). Both HupL and HupS subunits undergo proteolytic processing during the synthesis of the mature enzyme. The specific functions assigned to most of the other Hup and Hyp proteins have been described in many cases in other bacteria, mainly in Escherichia coli, and have been generalized based on the high sequence conservation. Functions ascribed to the proteins involved in hydrogenase synthesis and activity include electron transport (HupC), processing of large subunit (HupD), Key words: hup transposon, hydrogenase, nickel, NifA, nitrogen fixation, Rhizobium. 1 To whom correspondence should be addressed (email jpalacios@bit.etsia.upm.es).
nickel provision (HypAB) and synthesis of NiFe cofactor (HypFCDE). A detailed treatment of hydrogenase biosynthesis can be found elsewhere in this issue. Once synthesized in the cytoplasm, the translocation of the enzyme complex through the cytoplasmic membrane is mediated by the Tat (twin arginine translocation) system, an alternative protein translocation system able to export enzymes in folded conformation [6] .
Genetics and regulation
In R. leguminosarum bv. viciae, hydrogenase genes (hupSLCDEFGHIJKhypABFCDEX; Figure 1 ) are clustered in a 20 kb DNA region of the symbiotic plasmid [7] . This plasmid also contains genes for nodulation and nitrogen fixation. The location of hydrogenase genes in the symbiotic plasmid is a general trait for hydrogenase positive strains of R. leguminosarum [8] , suggesting an adaptation of hydrogen recycling to the symbiotic life style in this bacterial species. Such adaptation is more evident when looking at the regulation of the system. A mutant complementation analysis defined five potential transcriptional regions in the R. leguminosarum hup gene cluster [7] . From these, three promoters (P1, P3 and P5; Figure 1 ) have been identified and characterized. Promoter P1 is a σ 54 -type promoter activated by NifA, the general regulator for nitrogen fixation, and controls the expression of hydrogenase structural genes hupSL and downstream genes hupCDEFGHIJ. Activation of P1 also depends on the presence of an active integration host factor that bends the DNA to facilitate the interaction between the activator (NifA) bound to upstream activating sequences and the RNA polymerase complex [9] . The coregulation of hup and nif genes ensures the induction of hydrogenase activity linked to the production of hydrogen by the nitrogenase.
A secondary promoter (P3) controlling the expression of hupGHIJ genes has been described recently [10] . P3 is a σ 54 -dependent promoter also activated by NifA but lacking upstream activating sequences. The function of this promoter is not clear, since transcription of hupGHIJ genes also occurs from P1. It has been hypothesized that this promoter might be relevant when transcription from P1 promoter becomes limiting for hydrogenase synthesis [10] .
Transcription of hypBFCDEX genes is dependent on P5, an FnrN-dependent promoter located within hypA and showing two transcriptional start sites (P5a and P5b). This promoter is active in vegetative cells in response to microaerobic conditions and also in bacteroids [11, 12] . It is not clear why these genes, whose corresponding products participate in nickel provision to hydrogenase and in the synthesis of the NiFe cofactor, are regulated in a different way than other hup genes.
The expression of R. leguminosarum hydrogenase activity is also affected by the environment surrounding the bacteroid. In fact, the plant symbiont has a relevant effect on hydrogenase synthesis, and permissive (Pisum, Vicia) and nonpermissive (Lens) hosts for hydrogenase activity in bacteroids have been described [13] . The mechanism for this host effect has not been elucidated at the molecular level.
Biotechnology of hydrogen oxidation in rhizobia
Owing to the NifA control of hupSL expression, hydrogenase activity in R. leguminosarum is restricted to the bacteroids. To be able to express hydrogenase activity in vegetative cells, hupSL promoter P1 was replaced by an FnrN-dependent promoter (pFixN) that allows the induction of hupSL and downstream genes in cultured cells exposed to microaerobic conditions. This promoter modification also resulted in a higher expression of hydrogenase activity in bacteroids, thus leading to a more efficient hydrogen recycling under lownickel conditions [4] .
The low percentage of Rhizobium strains naturally harbouring a hydrogen recycling system, along with the potential advantages associated with hydrogen recycling, has prompted the development of strategies to incorporate the R. leguminosarum bv. viciae Hup system into Hup − rhizobia. Some of these strategies are based on the transfer of cosmids containing the whole set of genes [7, 14] . These studies have allowed the identification of at least two factors, nickel availability and efficiency of heterologous regulators, which limit the expression of R. leguminosarum Hup system in other rhizobial backgrounds [5, 14] . In a different approach, R. leguminosarum hydrogenase genes have been integrated into the genome of the recipient strains using a mini-Tn5 derivative transposon (TnHB100). Insertion of this transposon effectively incorporates the ability to recycle hydrogen into different strains of R. leguminosarum, R. etli, B. japonicum and Mesorhizobium loti, thus leading to nodules releasing no hydrogen [15] (Table 1) . However, insertion of the same transposon does not lead to detectable levels of hydrogen oxidation in some other species, such as M. ciceri and Sinorhizobium meliloti. From these results it can be concluded that other factors, so far unidentified, exist that are required for symbiotic expression of hydrogenase activity. Elucidation of the role of such plant and bacterial functions would be required to allow further advances on the study of hydrogen oxidation by this plantmicrobe interaction.
